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Cosmological Signature of New Parity-Violating Interactions
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Does Nature yield any manifestations of parity violation other than those observed in weak in-
teractions? A map of the cosmic microwave background (CMB) temperature and polarization will
provide a new signature of P violation. We examine two classes of P violating interactions that
would give rise to such a signature. The first interaction leads to a cosmological birefringence, pos-
sibly driven by quintessence. The other interaction leads to to an asymmetry in the amplitude of
right- versus left-handed gravitational waves produced during inflation. The Planck Surveyor should
improve upon the current sensitivity to birefringence. While the primordial effect would most likely
elude detection by MAP and Planck, it may be detectable with a future dedicated CMB polarization
experiment.
PACS numbers: 98.80.Es, 04.50.+h CU-TP-926, CAL-675, astro-ph/9812088
The discovery of parity (P) violation [1] was central
to the development of what has now become the stan-
dard model. Nevertheless, this symmetry violation oc-
curs strictly within the weak interaction sector. Presum-
ably, its ultimate origin lies in the grand-unified and/or
Planck-scale physics that yields the standard model as its
low-energy limit. If so, might there be some remnant of
P violation in gravitational interactions or in some other,
still undiscovered, sector?
Some tantalizing clues do exist. The baryon asymme-
try of the Universe requires charge conjugation (C) vio-
lation as well as CP violation [2], likely in new physics
beyond the standard model. Moreover, extensions of the
standard model, including grand unified theories and su-
persymmetry, naturally suggest nonstandard P and CP
violating interactions. Carroll has argued that a cer-
tain class of quintessence models should generically pro-
duce such P asymmetric physics (“cosmological birefrin-
gence”) [3], and other cosmological physics may also give
rise to parity breaking [4].
In the next few years, high-precision temperature and
polarization maps of the cosmic microwave background
(CMB) will become available [5,6]. These maps will pro-
vide a wealth of data concerning the physics of the early
Universe. Although the primary purpose of these ob-
servations is not to explore P violation, certain temper-
ature/polarization cross-correlation functions can pro-
vide a probe of P violation. Their relevance has hereto-
fore been disregarded since they vanish if the underlying
physics—in particular gravity and inflation—is P sym-
metric, as has been assumed until now.
In this Letter we explore the possibility of probing ex-
otic P violating physics using the CMB. We first lay out
the details of the CMB correlation functions needed to
detect P violation. We then explain the features of fun-
damental interactions and early-Universe mechanisms re-
quired to produce such a preferred macroscopic orienta-
tion. We then provide two examples of interactions and
mechanisms that can produce this P violating signature
and discuss their detectability.
A map of the temperature T (nˆ) as a function of posi-
tion nˆ on the sky can be expanded in spherical harmonics,
Y(lm), with expansion coefficients a
T
(lm) given by the in-
verse transformation that follows from the orthonormal-
ity of the spherical harmonics. Suppose that in addition,
the Stokes parameters Q(nˆ) and U(nˆ) required to spec-
ify the linear-polarization state are also mapped. The
Stokes parameters are components of a 2× 2 symmetric
trace-free tensor. As detailed in Refs. [7,8], this polar-
ization tensor field can be expanded in tensor spherical
harmonics Y G(lm)ab(nˆ) and Y
C
(lm)ab(nˆ), which are a com-
plete basis for the “gradient” (i.e., curl-free) and “curl”
components of the tensor field, respectively. The expan-
sion coefficients aG(lm) and a
C
(lm) for the gradient and curl
components, respectively, can be obtained from the in-
verse transformations that follow from the orthonormal-
ity properties of these tensor harmonics.
The aX(lm)’s (for X = {T,G,C}) have zero mean〈
aX(lm)
〉
= 0 and covariances
〈
aX(lm)(a
X′
(lm))
∗
〉
= CXX
′
l ,
when averaged over an ensemble of Universes. For the
single Universe that we observe, each CXX
′
l can be esti-
mated from the 2l+1 individualmmodes. The two-point
statistics of the temperature/polarization map are thus
completely specified by the six (TT , GG, CC, TG, TC,
and GC) sets of multipole moments. If the tempera-
ture/polarization distribution is P invariant, then CTCl
and CGCl must vanish because the Y(lm) and the Y
G
(lm)ab
have parity (−1)l while the Y C(lm)ab have parity (−1)l+1
[9,10]. Therefore, if CTCl and/or C
GC
l is found to be
nonzero with some statistical significance, it indicates a
preferred orientation in our Universe.
What physics would be required to produce such
a P violating CMB temperature/polarization pattern?
This P violation is different from that in weak interac-
tions since weak interactions are P violating only if the
particle-antiparticle character is known; they would be P
conserving in an experiment which did not discriminate
between particles and antiparticles (neglecting the small
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CP violation in the standard model). This CMB signa-
ture is charge-blind: it requires a preferred handedness.
The existence of interactions that yield P asymmetric
physics alone are insufficient to produce a preferred cos-
mological orientation from a P symmetric initial state.
Since the CMB signature is charge-blind, then the CPT
theorem suggests that the required interaction must vio-
late time-reversal (T) invariance as well as P invariance
in a fashion that preserves PT. If we have an interac-
tion that is P and T violating, then any mechanism that
defines an arrow of time could conceivably drive the Uni-
verse to a preferred orientation. Such a T asymmet-
ric process might be the expansion of the Universe or
maybe some entropy-producing process. Another possi-
bility, and that which we focus on here, is that the T
symmetry is broken by the rolling of some scalar field.
If there is some P and T violating physics that appears
at some large energy scale µ that involves a new scalar
field χ, then at lower energies we would expect terms in
our effective Lagrangian like
Lint = g(χ)Fµν F˜µν , (1)
where g(χ) is a dimensionless function of a scalar field
and Fµν is the electromagnetic field-strength tensor. The
scalar field χ has been identified, e.g., with that in scalar-
tensor theories of gravity [4] or with a quintessence field
[3]. If χ is constant in space and time, then the term
has no effect on electrodynamics, since the term can be
written as a total derivative. However, if χ is spatially ho-
mogeneous but changing with time, then the polarization
vector of a photon is rotated by an angle ∆α ∝ ∆g(χ),
where ∆g(χ) is the change in the function g(χ) as the
photon propagates from source to observer [4]; this effect
has been referred to as “cosmological birefringence.”
The effect of such a rotation is to alter a P-symmetric
CMB as it propagates from the surface of last scatter
to the observer. Each Y G(lm) tensor field is orthogonal
to the Y C(lm) of the same l and m at each point on the
sky, so rotating the polarization of each photon every-
where by the same amount simply mixes the G and
C modes. Any mechanism that produces temperature
anisotropies also produces a polarization pattern with a
gradient component, and it also produces a non-zero TG
cross-correlation. If the CMB has some nonzero CTGl
moments at the surface of last scatter, and the polariza-
tion vector of each photon is rotated by an angle ∆α,
then it induces TC moments, CTCl = C
TG
l sin 2∆α. Fur-
thermore, the shape of the CTCl power spectrum (as a
function of l) is the same as that of the CTGl power
spectrum. The dashed curve in Fig. 1 shows an ex-
ample of such a CTCl power spectrum. This curve was
generated assuming a flat model with a matter density
Ωm = 0.3, a cosmological constant ΩΛ = 0.7, a baryon
density Ωbh
2 = 0.02, and Hubble parameter h = 0.65
with a nearly scale-invariant spectrum of primordial adi-
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FIG. 1. The dashed curve shows the CTCl power spectrum
induced by rotation of the polarization of an initially P sym-
metric CMB polarization pattern by 0.05◦. The solid curve
shows the CTCl power spectrum produced by a GW back-
ground that consists of only right-handed GWs.
abatic perturbations and no gravitational waves.
Let us now consider the consequences of another class
of terms that generically appears in our effective action
Lint = f(Φ)RλσµνR˜ σµνλ . (2)
In contrast to our earlier discussion, here we identify
scalar field Φ with the inflaton field. These terms arise
in exact analogy from whatever physics that produces
terms like Eq. (1). For example, let Φ be an axion- or
pion-like field axially coupled to heavy fermions. Then,
radiative fermion loops generate both Eqs. (1) and (2).
Another class of examples appears in [11].
So long as the scalar field is homogeneous and constant
in time, Eq. (2) becomes a pure surface term, and thus
does not contribute at all to classical gravity dynamics.
Thus we expect that after inflation, when the inflaton
has come to rest, P asymmetric gravity dynamics is not
present, suggesting no current observed constraint on Eq.
(2). Nevertheless, the term has relevant effects during
inflation which may be observed through the CMB.
The homogeneous dynamics of the inflaton is identical
to that without Eq. (2). We may take any conventional
slow-roll inflation scenario where Φ˙ 6= 0. Moreover, the
conventional flat Robertson-Walker metric is still a solu-
tion to the metric equations of motion with the new in-
teractions, implying the overall cosmology is not affected
by the new term. However, metric perturbations are af-
fected by these terms. For simplicity, take the metric
gαβ = ηαβ + hαβ in a flat-space background, ηαβ . Lin-
earizing the metric equations of motion in the harmonic
gauge (∂νhµν =
1
2∂µh
ν
ν), we find
M2P2hαβ = 2f
′′Φ˙2ǫijkηiα(∂β∂jh0k + ∂0∂khβj) (3)
+2f ′Φ˙ǫijkηiα∂j2hβk + (α↔ β),
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assuming the acceleration of the inflaton is negligible.
Here, the prime on f denotes differentiation with re-
spect to Φ, and the Latin indices indicate spatial indices
only. Let us look at plane-wave perturbations of the form
hαβ = eαβe
−ik·x where eαβ is a constant polarization ma-
trix. Assuming the effects of the new terms are small, we
find the following plane-wave solutions
eRµνe
2f ′′Φ˙2kt/M2
P e−ikt+ikz , eLµνe
−2f ′′Φ˙2kt/M2
P e−ikt+ikz (4)
where eR, eL are the polarization tensors for right- and
left-handed polarized waves, respectively. Thus, right-
handed gravitational waves (GWs) are amplified as they
propagate while left-handed GWs are attenuated. These
solutions preserve PT although they violate P and T in-
dividually.
Let us apply this result to our scenario where the Uni-
verse inflates. While their wavelength is much smaller
than the horizon size, right-handed GWs amplify while
left-handed GWs attenuate. Eventually, the fluctuations
expand past the horizon and freeze out. To estimate the
discrepancy between left-handed and right-handed ten-
sor fluctuations in the early Universe, we assume that
the fluctuations of both handednesses are equal in am-
plitude and behave classically as they expand beyond a
wavelength 1/µ and then freeze as the wavelength be-
comes comparable to the horizon scale. When the waves
exit the horizon scale, we can estimate the fraction of
accumulated discrepancy through the index ǫ:
ǫ ∼ (MP /µ)(H/MP )3(Φ˙/H2)2, (5)
where H is the Hubble scale and f ′′ is characterized by
the scale 1/µ2. The factor H2/Φ˙ is associated with the
amplitude of scalar density perturbations (∼ 10−5), while
the factor H/MP is associated with the amplitude of ten-
sor perturbations (< 3×10−6). Given fixed cosmological
parameters, one may think of a limit on ǫ as a lower
bound on µ/MP .
Let us describe how this physics is reflected in
the CMB. Long-wavelength GWs produce temperature
anisotropies and also a curl component of the polariza-
tion [9,10]. An excess of right over left (or vice versa)
circularly-polarized GWs produces a nonzero CTCl . Con-
sider a single right-handed circularly polarized GW with
wavenumber k propagating in the +zˆ direction. This can
be written as an out-of-phase combination of a linearly-
polarized GW with + polarization and another of equal
amplitude with a × polarization. We can always choose
the x and y axes so that the amplitude of the + compo-
nent has a crest at the origin and the × component has
a zero at the origin. Doing so, the multipole coefficients
aT(lm) for the temperature pattern induced on the sky by
this particular circularly-polarized wave is [12]
aT(lm) =
{
(δm,2 + δm,−2)A
T
l (k) even l (+),
−i(δm,2 − δm,−2)ATl (k) odd l (×),
(6)
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FIG. 2. The smallest ǫ for the (GW model) and ∆α (for the
polarization rotation model) detectable at the 1σ level with
a one-year CMB temperature/polarization experiment with
detector sensitivity s. For this calculation, a beamwidth of
0.1◦ is assumed (although results for ǫ are roughly the same
for a beamwidth as large as 0.5◦).
where, as indicated, the even-l contribution is from the
+ mode and the odd-l contribution is from the × mode.
For a left-handed circularly-polarized wave, the sign of
the odd-l moments (from the × contribution) are re-
versed. The ATl (k) are temperature brightness functions
(see [7]). The multipole coefficients for the G compo-
nent of the CMB polarization are similar, except that
the ATl (k) are replaced by some polarization functions
AGl (k). The multipole coefficients for the C component
of the CMB polarization is similar,
aC(lm) =
{
(δm,2 + δm,−2)A
C
l (k) even l (×),
−i(δm,2 − δm,−2)ACl (k) odd l (+),
(7)
except note that the even-l moments now come from the
× mode and the odd-l moments come from the + mode.
For a left-handed wave the sign of the even-l moments is
reversed.
Eqs. (6) and (7) indicate why CTCl = 0 (and why
CGCl = 0) for linearly-polarized waves. For example,
if we have only a + polarized wave, then the T pattern
induces only even-l modes and the C pattern induces
only odd-l modes. But these equations also show that a
circularly-polarized wave induces a nonzero CTCl . Recall
that we measure a given CTCl by averaging the quantity
aT(lm)(a
C
(lm))
∗ over all 2l + 1 values of m. Doing so, we
find that this right-handed GW induces a nonvanishing
CTCl = 2(2l + 1)
−1ATl (k)A
C
l (k), and a left-handed GW
induces the same quantity but with the opposite sign.
Since CTCl is rotationally invariant, the result is inde-
pendent of the direction of propagation of the GW.
The solid curve in Fig. 1 shows CTC,Rl , the TC power
spectrum expected for a GW background made of only
right-handed GWs. This curve was generated assuming
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the same classical cosmological parameters as were used
for the dashed curve, but here we have assumed the pres-
ence of a nearly scale-invariant spectrum of GWs with a
tensor-to-scalar ratio of T /S = 0.7. For a more general
mixture of right- and left-handed GWs, CTCl = ǫC
TC,R
l .
The solid curve in Fig. 2 shows the smallest ǫ that could
be distinguished from a null result from the CTCl mo-
ments at the 1σ level as a function of detector sensitiv-
ity s for a one-year experiment that maps the tempera-
ture and polarization of the entire sky. The calculation
was done using the same cosmological parameters as were
used in Fig. 1.
The sensitivity to ǫ remains finite even as s→ 0, since
the measurement is ultimately cosmic-variance limited.
Fig. 1 is only meant to be illustrative; the precise sensi-
tivity differs for different cosmological parameters. The
sensitivity to ǫ will of course be degraded if the tensor
amplitude is smaller. Because ǫ < 1 is a strict con-
straint, neither MAP (s ≃ 150 µK √sec) [5] nor Planck
(s ≃ 35 µK √sec) [6] will be able to detect any such left-
right asymmetry, but a post-Planck experiment might
conceivably be able to discriminate a value as small as
ǫ ∼ 0.08. With the cosmological parameters used, this
value of ǫ corresponds to having th P and T violating
physics occur at the scale µ ∼ 4× 10−5MP . This discus-
sion in some sense conservative since we have not consid-
ered the additional information provided by the CGCl mo-
ments or the improved sensitivity possible with a deeper
map of a smaller region of sky.
Similarly, the dashed curve in Fig. 2 shows the smallest
rotation angle ∆α induced by the term in Eq. (1) that
could be distinguished from a null result at the 1σ level as
a function of s. Again, the underlying cosmological pa-
rameters are taken to be those used in Fig. 1. Note that
with no tensor perturbations, there is no cosmic-variance
limit to the detectability of ∆α. Correlations between the
elongation axes and polarization vectors of distant radio
galaxies and quasars can put constraints on ∆α at the
order of 1◦ [3]. Figure 2 shows that the Planck Surveyor
is slightly more sensitive, while a future high-precision
CMB polarization could provide much better sensitivity,
e.g., ∆α <∼ 0.01◦ for s <∼ 1 µK
√
sec. Moreover, radio
sources only probe the motion of the scalar field between
now and redshifts of a few, whereas the CMB probes the
motion of the scalar field out to redshifts z ≃ 1100. Thus,
the CMB should provide a better probe of models such
as quintessence models with a tracking solution [13], in
which the scalar field is expected to do most of its rolling
at early times.
Non-zero CTCl can similarly be induced by Faraday
rotation due to intervening magnetic fields [14]. How-
ever, Faraday rotation depends on the CMB photon fre-
quency [15], whereas the effects we are considering are
frequency independent. Furthermore, Faraday rotation
is an anisotropic effect, so it affects the the l-dependence
of the CTCl (unless the magnetic field is very homoge-
neous in which case only the very lowest-l modes would
be affected).
Should inflationary or quintessence physics be P and
T violating, these effects should in general be present,
and if detected, would provide a valuable window to cos-
mological physics. There may be other sources of parity
breaking in addition to those we discuss that would en-
gender the CMB signature considered. A dedicated CMB
polarization experiment would be poised to yield a wealth
of new information about the early Universe. We have
shown here that such observations would also be capable
of providing unique tests of exotic P violation.
We used a modified version of CMBFAST [8,16] to
calculate the CTCl . We thank E. Weinberg, B. Greene,
and S. Carroll for useful discussions. This work was sup-
ported by a DoE Outstanding Junior Investigator Award,
DE-FG02-92ER40699, NASA grant NAG5-3091, and the
Alfred P. Sloan Foundation.
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